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This paper presents researches on increasing the energetic efficiency of a photovoltaic (PV) string by designing and optimizing a
trackingmechanism that simultaneously changes the daily position of the modules using a single driving source (there are modules
with individual supports). The motion is transmitted from the driving source, which is a linear actuator, with a parallelogram
mechanism. The main task in optimizing the tracking system is to maximize the energetic gain by increasing the solar input and
minimizing the energy demand for tracking. The study is performed by developing the virtual prototype of the tracking system,
which integrates the mechanical device and the control system, in mechatronic concept. Virtual prototyping software solutions
(ADAMS, EASY5, and MAT) are used in this study.

1. Introduction

The realization of the PV strings (system of PV modules that
function as a single electricity-producing unit) appeared as a
necessity for the development of large systems for producing
electricity. The energetic efficiency of the PV strings depends
on the degree of use of the solar radiation [1], which can be
maximized by use of tracking systems.These aremechatronic
devices, which ensure the optimal positioning of the string
relative to the Sun’s position.

Depending on the degree of mobility, there are two basic
types of tracking systems: monoaxis and dual-axis systems.
Themonoaxis trackers perform only the daily motion, the tilt
angle of the motion axis corresponding to the latitude angle
of the location [2], while the dual-axis trackers perform both
motions (daily and seasonal/elevation), so that they are able
to follow very precisely the Sun path throughout the year.
The dual-axis tracking systems can increase the energetic
efficiency up to 40–45% against the equivalent fixed systems,
while the energy gain for the mono-axis systems is lower (up
to 30–35%) [3–6].

From energetic point of view, the PV string with tracking
is efficient if the energy that it produces (𝐸

𝑇
) is substantially

greater than the sumof the energy produced by the equivalent

string without tracking/fixed (𝐸
𝐹
) and the energy demand for

orientation (𝐸
𝐶
),

𝐸
𝑇
≫ 𝐸
𝐹
+ 𝐸
𝐶
. (1)

The optimal design of the tracking system, aiming to max-
imize the energetic efficiency, has become an important
challenge in the modern research and technology.

In practice, the orientation of the PV strings can be
realized in two ways: independent orientation for each
module of the string (module with its own tracking system,
motor source); simultaneous orientation of themodules from
the same motor source, with the help of motion transmit-
ting mechanisms. The simultaneous orientation, with the
predicted advantages (coming mainly from minimizing the
number of motor sources) and the characteristic problems,
opens a research area insufficiently explored since now.

In the literature, there is no unitary modeling for the
tracking mechanisms of the PV strings referring to the
structural, kinematical, and dynamical issues. At the same
time, there is no general approach for conceptual design
and structural synthesis of these mechanisms. Thereby the
necessity of amethod for the unitarymodeling of the tracking
mechanisms become obvious, and according to the strategy
proposed by the paper this method is based on the MBS
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(Multibody Systems) theory [7, 8], which facilitates the self-
formulating algorithms.

There are several works that approach control issues,
mostly for the tracking systems of the individual modules,
using different techniques (closed loop systems with photo
sensors, open loop systems based on astronomical com-
puterized systems, or hybrid combinations), and controllers
(PID, FNC, and FNLC) [9–12]. The research is focused
mostly on the evaluation/prediction of the energy achieved
by tracking and less on the energy demand for performing
the orientation.

There are different models for the evaluation of the
radiation potential as input data in the tracking systems
design. The solar radiation can be measured using tradi-
tional instruments or can be digitally recorded with a data
acquisition system. At the same time, there were developed
large meteorological databases, such as Meteonorm. The
traditional Angstrom’s linear approach is based on measure-
ments of sunshine duration, while relatively new methods
are based on artificial neural networks—ANN [13]. Several
models for estimating the monthly mean solar radiation
(linear Angstrom-Prescott variation, quadratic equation, log-
arithmic variation, and exponential function) were studied in
[14], the root mean square error being the main element of
the comparative analysis.Themathematicalmodel developed
in [15] is used for estimating the hourly and daily radiation
incident on three-step tracking planes.

In these terms, the present paper approaches the improve-
ment of the energetic efficiency of a PV string by designing
and optimizing a mono-axis Sun tracker that simultaneously
changes the daily position of the PV modules with a single
driving source. The main task in optimizing the mechanism
is to maximize the energetic gain by increasing the solar
radiation input and minimizing the energy demand for
tracking.The incident radiation is estimated by using amath-
ematic algorithm based on the direct terrestrial radiation and
the angle of incidence. The paper proposes the integration
of the mechanical and electronic (control) components at
the virtual prototype level (i.e., modeling in mechatronic
concept), which allows performing the energy balance of the
PV system.

2. Designing the Tracking System

The system approached in this paper corresponds to a mono-
axis trackingmechanism (Figure 1), at which the dailymotion
is transmitted from the motor source, which is a linear
actuator, with a multiparallelogram mechanism, the revolute
axes of the PV modules (in this case, three modules) being
parallel with the polar axis. The design is made for an
inline string configuration, but it can be adapted for other
configurations or for a higher number of modules. The
driving actuator is disposed on a fixed frame, and this has
positive effect on the mass and inertia loading in the tracking
mechanism.

The structural model of the tracking system is shown
in Figure 2, the representation being made in the motion
plan (Π), which is normal to the polar axis. The geometric

Figure 1: The virtual prototype of the PV string with monoaxis
tracking system.
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Figure 2: The structural model of the tracking mechanism.

constraints from A and B are translational joints, while the
others (C, . . . ,H) are revolute joints. The intermediary ele-
ment 2, whichmoves rod 3 of the parallelogrammechanism,
is rigidly connected to the actuator piston 2. Each module
rotates around its own support, which is fixed on the ground.

For simulating the dynamic behavior of the tracking
system, the virtual prototype was developed in mechatronic
concept by using a digital software platform, which integrates
the following components: CAD—Computer Aided Design
(CATIA)—to create the solid model, MBS—MultiBody Sys-
tems (ADAMS)—for analyzing and optimizing the mechan-
ical device, and DFC—Design for Control (EASY5 and
ADAMS/Controls)—for the control system design.

For connecting the mechanical model and the electronic
control system, the input and output plants have been
defined. The control force generated by the linear actuator
represents the input parameter in the mechanical model.The
output transmitted to the controller is the position angle of
themodules (i.e., the daily angle).The input and output plants
are saved in a specific file for EASY5 (∗.inf), which is used to
create the control system diagram (Figure 3). In the control
system model, the TI block (tabular function of time) is the
database of the imposed daily angle, while the MSC.ADAMS
block includes the mechanical device plant.

From the controller point of view, for obtaining reduced
transitory period and small errors, a generic control loop
feedback mechanism (PID controller) was used. The con-
troller tuning (aiming to obtain the proportional P, Integral I,
and derivative D terms) was performed in an optimal design
process with Matrix Algebra Tool (MAT), the model being
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Figure 3: The control system block diagram.

transferred toMAT by using the EMX file format.The design
objective refers to the minimization of the tracking error (the
difference between the imposed and current daily angle; see
Figure 3).

In MAT, the optimization was performed by using the
“minimize V” function:

[𝑥, 𝑓] = minimize V (function name, 𝑥
0
, 𝐻
0
, tol, delx) ,

(2)

where 𝑥
0
is the initial guess for minimizer, 𝐻

0
the initial

guess for Hessian, tol the relative tolerance for 𝑥, delx the
relative step size for computing gradients by differencing, x
theminimizer of the function, and𝑓 the value of the function
at 𝑥.

The next step was to create the MAT minimizer function
that performs the optimization. The study is performed
by calling the “minimize V” function with the minimizer
function as the first argument; MAT will repeatedly call the
function as it performs the minimization procedure. The
function will set the tracking error appropriately and return
the error in the simulation, defined as the sum of the squares
of the differences between the simulation and desired values.
The values of the proportional, integral, and derivative terms
will result in a simulation that meets the design requirements
as follows: P = 2150, I = 1503, and D = 1405.

Finally, in the cosimulation process, ADAMS accepts the
control force from EASY5 and integrates the mechanical
model in response to this. At the same time,ADAMSprovides
the current daily angle for EASY5 to integrate the control
system model.

3. Designing the Tracking Law

The PV modules can be rotated without brakes during
the daylight or can be discontinuously driven (step-by-step
motion). The key idea for optimizing the motion law is

to maximize the energy gained through the step-by-step
orientation, for absorbing a quantity of solar energy closed
by the ideal case (continuous orientation), and to minimize
the energy demand for performing the tracking.

The energy produced by the PV string depends on the
quantity of incident radiation, the module efficiency, and the
number of modules. The incident radiation depends on the
direct terrestrial radiation and the angle of incidence. The
direct radiation is established using the Meliß’s empirical
model [16], depending on the extraterrestrial radiation, the
medium solar constant, the day number during a year,
the atmosphere clarity, the solar altitude angle, the solar
declination, the latitude angle, the solar hour angle, and the
solar time.

The incidence angle is determined from the scalar prod-
uct of the sunray vector and the normal vector on module,
depending on the diurnal and seasonal angles of the sunrays,
the daily and elevation angles of the module, and the
azimuthal angle [3]. In this way, the incident solar radiation
can be estimated in every day during a year, for different
locations and tracking strategies.

The paper presents the exemplification for the summer
solstice day, the numeric simulations being performed for the
Braşov geographic area, with the following input data: the
location latitude, 𝜑 = 45.5∘; the solar declination, 𝛿 = 23.45∘;
the day number during the year, 𝑛 = 172 (June 21); the local
time (from sunrise to sunset), 𝑇 ∈ (5 :35, 21 :04).

For identifying the optimal motion field, there was
considered the correlation between the motion amplitude
and the local time, for obtaining symmetric revolute motions
relative to the solar noon position (𝛽∗ = 0, 𝑇 = 13 :19).
The analysis has been performed for the following cases: (a)
𝛽
∗
∈ [+90

∘
, −90
∘
], 𝑇 ∈ [5 : 35, 21 : 04], the maximum

motion field; (b) 𝛽∗ ∈ [+75∘, −75∘], 𝑇 ∈ [6 : 52, 19 : 46]; (c)
𝛽
∗
∈ [+60

∘
, −60
∘
], 𝑇 ∈ [8:10, 18:29]; (d) 𝛽∗ ∈ [+45∘, −45∘],

𝑇 ∈ [9 :27, 17 :11]; (e) 𝛽∗ ∈ [+30∘, −30∘], 𝑇 ∈ [10 :44, 15 :53];
(f) 𝛽∗ ∈ [+15∘, −15∘], 𝑇 ∈ [12 : 02, 14 : 36]. In addition, for
the fixed (nontracked) string, 𝛽∗ = 0 throughout the daylight
(𝑇 ∈ [5 :35, 21 :04]). In this study, the PVmodules are rotated
without brakes (continuousmotion). After sunset (21:04), the
tracking system returns to the initial position for the next day
(facing East), on the same route, with continuous motion.

In this way, the incident radiation curves have been
obtained (Figure 4). Integrating these curves and taking into
account the number ofmodules in the string (3modules), the
active surface of each module (1.26m2), and the PV module
efficiency (i.e., the solar radiation conversion rate) (15%), the
energy produced by the PV string (with andwithout tracking)
has been obtained.

Afterwards, the energy demand for realizing the motion
laws was determined by using the virtual prototype of the
tracking system. The return of the tracking system in the
initial position is also considered. In this way, the energy
balance was performed, the results being systematized in
Table 1. The energy gain (𝜀) is computed relative to the fixed
string:

𝜀 = [𝐸
𝑇
− (𝐸
𝐹
+ 𝐸
𝐶
)] ⋅
100

𝐸
𝐹

. (3)
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Figure 4:The incident radiation curves for the continuous tracking
cases.

Table 1: The energy balance for the continuous tracking cases.

Tracking
case 𝐸

𝑇
[Wh/day] 𝐸

𝐹
[Wh/day] 𝐸

𝐶
[Wh/day] 𝜀 [%]

(a) 5222.63

3692.18

52.90 40.02
(b) 5218.21 39.97 40.25
(c) 5179.33 24.35 39.62
(d) 5056.86 15.32 36.55
(e) 4796.72 7.01 29.73
(f) 4348.82 1.78 17.74

Because the energy intake brought by the tracking cases
(a) and (b) is very small comparative with (c), the case (c) has
been chosen as optimal; in other words the optimal field for
the daily angle of the PV string is 𝛽∗ ∈ [+60∘, −60∘]. In the
same idea, as can be seen in Figure 4, the solar radiation has
small values in the limit positions, close to the sunrise and
sunset, and for this reason it is not efficient to track the Sun
in these areas.

The continuous orientation (without brakes) was used
only for establishing the optimal angular field of the daily
motion. In the next stage, the step-by-step tracking is imple-
mented to avoid the continuous orientation disadvantages,
such as: the high operating time of the system, which has
negative influence on the reliability; the need to achieve
large transmission ratios, which can cause constructive issues;
the behavior of the system under the action of external
perturbations (e.g., wind), whose effect can be amplified if the
system is moving.

Under these circumstances, several step-by-step tracking
strategies have been evaluated, depending on the number
of steps (in consequence, the step dimension Δ𝛽∗) for
realizing the optimal angular field of the daily motion 𝛽∗ ∈
[+60
∘
, −60
∘
]: 12 steps (Δ𝛽∗ = 10∘), 10 steps (Δ𝛽∗ = 12∘), 8

steps (Δ𝛽∗ = 15∘), 6 steps (Δ𝛽∗ = 20∘), 4 steps (Δ𝛽∗ = 30∘),
or 2 steps (Δ𝛽∗ = 60∘).

One of the most important problems in the step-by-
step tracking is to identify the optimal actuating time.
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Figure 5: The 8-step tracking law.

Table 2: The energy balance for the step-by-step tracking cases.

Number of
steps 𝐸

𝑇
[Wh/day] 𝐸

𝐹
[Wh/day] 𝐸

𝐶
[Wh/day] 𝜀 [%] 𝜀

𝑡
[%]

12 5161.40

3692.18

28.68 39.02 98.48
10 5159.17 27.588 38.99 98.40
8 5155.06 26.874 38.89 98.17
6 5146.18 26.214 38.67 97.60
4 5120.75 25.158 38.01 95.94
2 5012.90 24.36 35.11 88.62

The solution is obtained by developing an algorithm based on
the following phases: the optimal angular field is segmented
into the intermediary positions depending on the step dimen-
sion for each case (e.g., for 8 steps there are the following
positions: 𝛽∗ = {±60∘, ±45∘, ±30∘, ±15∘, 0∘}), and the incident
radiation curves are consecutively obtained considering the
module fixed in these positions during the daylight; analyzing
these curves, the moment in which the value of the incident
radiation for a certain position “k” becomes smaller than the
value in the next position “k + 1” is identified; the analysis
continues with the next pair of positions “k + 1” and “k + 2”
and so on. For example, Figure 5 shows the 8-step tracking
law which has been obtained in accordance with the previous
described algorithm.

For the considered step-by-step tracking cases, the results
of the energy balance are systematized in Table 2. The energy
gain (𝜀) is computed relative to the fixed string case (see (3)),
while the step-by-step tracking efficiency (𝜀

𝑡
) is determined

as relative value to the energy gain of the optimal continuous
tracking case, with the corresponding value fromTable 1, case
“c” (𝜀(𝑐) = 39.62 Wh/day), being as follows:

𝜀
𝑡
= 𝜀 ⋅
100

𝜀(𝑐)
. (4)

The energy demand for realizing the step-by-step motion
laws is a little bit greater than the energy demand for the
continuous motion, and this is because of the overshootings
that appear when the actuator is started (each step meaning
an actuator starter). However, the differences in energy
demand are relatively small, there being the same linear
travel of the actuator (i.e., the same angular travel of the PV
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Figure 6: The energy demand for the 8-step tracking law.

modules). For instance, the energy demand for the 8-step
tracking case is shown in Figure 6.

Therefore, by using the proposed algorithm for configur-
ing the step-by-step tracking, obtained values (in terms of
energy gain) are close to those of the continuous tracking
(which is not viable for physical implementation due to the
aforementioned disadvantages), and this demonstrates the
viability of the adopted optimization strategy. Concerning the
optimal number of tracking steps, it was demonstrated that
the amount of energy gain per step decreases when the order
number of the step increases [17, 18]. The energy brought by
the final step has to be greater than the energy demand for
realizing this step.

4. Conclusions

The application is a relevant example regarding the imple-
mentation of the virtual prototyping tools in the design
process of the tracking systems. One of the most important
advantages of this kind of simulation is the possibility to
perform virtual measurements in any area and for any
parameter (motion, force, energy). At the same time, by
integrating the electronic control system and the mechanical
device of the tracking mechanism at the virtual prototype
level, the physical testing process is greatly simplified, and
the risk of the control law being poorly matched to the real
photovoltaic tracking system is minimized.

The optimization strategy based on the minimization of
the angular field for the daily motion and the determination
of the optimal actuating time to perform the motion steps
leads to an efficient PV system, without developing expensive
hardware prototypes. In this way, the behavioral performance
predictions are obtained much earlier in the design cycle,
thereby allowing more effective and cost efficient design
changes.

Considering the algorithm of the product design devel-
opment, the virtual prototype precedes the manufacturing
and implementation stage. Based on the simulation and
optimization results (some of them being presented in this
paper), the embodiment design has been recently finished,
and the technical documentation formanufacturing has been
elaborated. The physical prototype of the tracking system
is about to be developed, and it will be implemented in

the Green Energy Independent University Campus. This will
allow a relevant comparison between the virtual prototype
analysis and the data achieved by measurements.
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